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Abstract

A number of efforts are currently underway in the United States to model the self-sustained
combustion of solid energetic materials at the level of fundamental physical processes and
elementary chemical reactions. Since many of these materials burn, at least at some pressures,
with a liquid surface layer, these models must address phenomena in three physical phases. Most
of these modeling efforts have focused on pure RDX as a prototype. From a systems viewpoint,
this was a natural choice, since it, or materials like it, is one of the components of modern
propellants. It is argued here that, from a scientific viewpoint, RDX is already too complex with
too many uncertain mechanisms and unavailable supporting data to serve this role effectively. We
discuss here a number of issues related to the condensed phase and interfacial phenomena which
have not been previously identified and which warrant more detailed research. In this report,
frozen ozone is adopted as a more suitable prototypical three-phase system, and progress toward
addressing this system is presented. The first new process modeled was a gas/surface reaction.
A detailed analysis was performed on the reaction mechanisms at play in the ozone flame and how
they are affected by the heterogeneous reaction. Other new mechanisms are associated with the
multicomponent nature of the liquid surface layer and will be addressed in future work.
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1. INTRODUCTION

Over the last decade there has been an increasing interest and optimism that one might be
able to describe the fundamental chemical and physical processes of energetic-material combustion
in an a priori mathematical model. Nitramine combustion has been the subject of the bulk of this
activity. One of the first of these models was proposed by Ben-Reuven, et al."** who, though
treating the gas-phase chemistry as two global steps and the liquid chemistry as one global step,
nevertheless considered all three phases, coupling the mass, species, and energy conservation
equations using appropriate boundary conditions at the phase interfaces (including phase-transition
enthalpies). Little decomposition of either RDX (cyclotrimethylenetrinitramine) or HMX
(cyclotetramethylenetetranitramine) was found to occur in the condensed phase, so that the
dominant surface regression mechanism was nitramine evaporation at the surface. Later, Williams
and coworkers*”, developed RDX- and HMX-combustion models, which considered a single
global reaction in each of the liquid and gas phases but also allowed for nitramine vaporization
at the surface. While agreeing with Ben-Reuven, et al. that little decomposition occurs in the
liquid phase for RDX, they found that 30% or more of HMX decomposed in the condensed phase.
They did not treat the liquid layer explicitly but did consider the effects of two-phase flow in the
condensed phase. Next, Melius® ratcheted up the complexity in his RDX combustion model by
considering 38 gas-phase species related by 158 reactions, one global condensed-phase reaction,
and evaporation of RDX at the surface. He found that little RDX decomposed in the condensed
phase. Most recently, Liau and Yang’ modeled RDX combustion, utilizing both the gas-phase
reaction schemes of Melius and that of Yetter, et al.® , which consists of 38 species and 178
reactions. Three condensed-phase reactions were considered along with evaporation of RDX.
Bubbles in the liquid layer were treated using a variable porosity concept which allowed retention
of the one-dimensional formulation. This model explicitly considers solid, liquid, and gas phases.
It was found that up to half of the RDX decomposes in the subsurface two-phase zone and that the
gas bubbles occupy 45% of the volume at the surface.

For those models that find little nitramine decomposition in the condensed phase, the
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mechanism of surface regression is primarily evaporation. For RDX this is true in three of the
four models mentioned previously. This evaporation process, therefore, warrants close scrutiny.
In the Ben-Reuven, et al. model, for example, the products of RDX decomposition in the
condensed phase (c-phase) are assumed to be dissolved in the remaining liquid RDX and simply
entrained in this liquid as it is convected to the surface. These c-phase products then desorb at
a rate which is linearly proportional to the RDX evaporation rate. With the possible exception
of the Melius model (evaporation rate computation not described), all of these models make use
of the equilibrium vapor pressure of pure RDX as a function of temperature. In every case they
assume that the heat of vaporization of RDX is not changed by the presence of the c-phase
decomposition products. Such an assumption may ultimately prove to be a good approximation
where little RDX has decomposed in the c-phase, however, in general it is not. These models also
assume that the sticking coefficient, i.e., the fraction of molecules impinging on the surface that
actually are absorbed into the surface, for vapor-phase RDX is unity. A value of unity is in fact
quite a good assumption for thermal energy vapors; however, in all of the previous treatments,
gas-phase species other than RDX are implicitly assumed to have zero sticking coefficients (i.e.,
only RDX molecules may reenter the surface, despite the fact that the randomly directed thermal
velocities are orders of magnitude larger than their convection velocity away from the surface).
If one were to allow the non-RDX molecules to reenter the c-phase, it would be necessary to
consider molecular diffusion in the liquid layer since their gradient would be steep at the surface
and therefore diffusion could well affect the surface concentration. None of the models to date

have considered it important to include liquid-phase diffusion.

The subtleties just described could be important since they affect the very mechanism by
which the surface regresses. Yet the models discussed above for nitramine combustion are already
formidably complex. Drawing firm conclusions about the importance of certain mechanisms using
these models is greatly hampered by the considerable uncertainties associated with both the
supportive data and physical/chemical mechanisms not being tested. Furthermore, sensitivity
analysis cannot entirely relieve the dilemma because it is based on the assumption of small

perturbations, and our understanding of many facets of the problem is still rudimentary at this
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stage. What is needed is a prototypical system that possesses key features of the nitramine
problem but with less pervasive uncertainties in supporting data and a less distracting degree of
chemical complexity. In our opinion, a study of the steady deflagration of frozen and liquid ozone
meets these criteria, and this report describes our current state of progress toward analyzing that
problem. It should be admitted, however, that while the frozen ozone system is clearly the best
prototypical system from a heuristic viewpoint, it is probably not the most convenient system to
adopt from an experimental viewpoint. The sensitivity of the condensed phases of ozone to
detonation is legendary and one must work at temperatures below 100 K. After exploiting the
ozone case conceptually, it would be wise to seek another prototype of intermediate complexity

enabling more intensive comparisons of model to experiment.

2. OZONE PROPERTIES AND DECOMPOSITION CHEMISTRY

In the 1950s liquid ozone was considered as a rocket-propellant ingredient and,
consequently, much of the work to characterize its properties, production, and behavior was done
during those years. At 1 atm ozone freezes at about 80 K and boils at 161.3 K. The color of
gaseous ozone is light blue, liquid ozone indigo blue, and solid ozone deep blue-violet’. In any
phase O, will readily detonate if subjected to heat, spark, flame, or shock. Liquid ozone is
particularly sensitive to detonation because rapid heating or even cooling can cause initiation. A
common cause of hypersensitivity was found to be certain organic impurities, and eventually it
was learned how to avoid such contamination with a consequent increase in safety as well as
reproducibility of measurements™. For example, it was found that suitably purified 100% gaseous
ozone detonates reproducibly when its temperature reaches 105°C, whereas contaminated samples
had detonated at much lower and unpredictable temperatures. The rate of thermal decomposition
of liquid ozone appears not to have been measured, but one can infer that it must be quite slow
at temperatures up to 243 K since it was determined not to have affected the measurement of
vapor pressure up to that temperature'’. Thus, in a model of frozen or liquid ozone combustion,

one can safely assume that the effects of any c-phase decomposition are negligible on the time
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scale pertinent to a steady deflagration wave. This eliminates a large source of uncertainty in the
ozone case relative to the nitramine case. In addition, unlike RDX, the specific heat'?, the
thermal conductivity®, and the mass density’ have all been measured for the liquid phase of
ozone. The vapor pressure of ozone has been measured by a number of researchers!'*"> with
consistent results.’® The critical temperature for ozone was measured as 261 K corresponding to
a deduced critical pressure of 54.6 atm.® Thermodynamic data and transport data used in the

calculations reported in this paper are given in detail elsewhere.®

The reaction mechanism for the decomposition of gaseous ozone has been determined with

considerable confidence'” and consists of the following three reversible elementary reactions.

O, +M=0,+0+M AHYe 1o = +25.65 keallmol @M
0, +0=0,+0, AHyyg 15 = — 93.41 keallmol an
O+0+M=0,+M AHYg 1sx = -119.06 keallmol I

The rate coefficients for the forward directions are taken from Heimerl and Coffee’® who chose
ozone as their prototype of an unbounded gas-phase flame before undertaking flames with more
complex chemistry. Rate coefficients for the reverse reactions are computed from the equilibrium
constants. These authors did a thorough review of the literature on Reaction I and developed
a new expression for the rate coefficient which best represents the experimental rate data over the
temperature range 300-3000 K. Because we intended to use this rate at temperatures down to
about 160 K, we compared their rate coefficient to the available cold temperature data'’. The fit
is quite good in the very low temperature range as well.'® This single two-parameter Arrhenius
rate coefficient accurately represents the rate data over 25 orders of magnitude! Since we intended
to do calculations at pressures considerably above 1 atm, we modified the rate coefficient of
Heimerl and Coffee'® for Reaction I to account for the transition of the three-body reaction to a

two-body reaction at high pressures. In the absence of more detailed information we used a
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Lindemann functionality to describe this pressure saturation effect. The limiting two-body rate
was taken from Popovich, et al.®. The rates as used in the calculations reported here in the form

required by the PREMIX code are given in Miller'®.

In addition to the three homogeneous gas-phase reactions just discussed, we included the

following probable gas/surface reaction.

O) + 0 = Oy(8) + O)(8).  AHyy o = - 92.67 keallmol av)

This equation represents a gas-phase oxygen atom recombining with a liquid-phase ozone
molecule on the surface to produce two gas-phase oxygen molecules. This heterogeneous reaction
has a large exothermic heat of reaction that is deposited directly on the surface. Reactions II and
I are also highly exothermic but heat from those reactions must be conducted from their
distributed sites of deposition upstream to the surface. Since the O atom concentration in the gas
at the surface is computed in the code, we use the flux of these atoms at the surface temperature
multiplied by a reaction probabilty to compute the reactive flux associated with Reaction IV.
Implementation of this new type of reaction requires a modification of the usual boundary
conditions in the gas phase at the surface and will be discussed in the next section. Data on this
reaction is not yet available but its effects can be bracketed by using the limiting values of 0 and
1 for the reaction probability. This appears to be the first time that the effects of a heterogeneous

reaction on the burning rate of an energetic material has been calculated using a detailed chemistry

code.
3. DESCRIPTION OF THE CODE

The model developed here considers each phase as a separate mathematical domain in
which the mass, energy, and species conservation equations are solved subject to the appropriate
boundary conditions conserving the various fluxes across each interface. Pressure changes are
considered negligible in this and all of the models of this type, as is molecular diffusion in the

liquid phase. The boundary conditions for the case without heterogeneous reaction are fairly
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standard and have been discussed elsewhere’. The presence of Reaction IV affects the boundary
conditions on the fluxes of species and energy at the gas/liquid interface and the evaporative
surface regression mechanism discussed next. The modified species boundary conditions are
expressed as follows, P, being the heterogeneous-reaction probability (here taken to be either

Oor1):

-0 . +U . + 1 o\t
Yoom = Yoom +p(YV )00 + ZPhrxn(vaO) ° )
w
- . + . +! l @) - +
Yom = Yolu+ p(YV)gy = ——2P, (p,V,)" @)
2 2 : 2w,
W
- +0 . + 170 - .4
Yorrm = Yo uin +p(YV)y) + ——=P, (po¥p)™ €)
3 3 > 4w,

where 1 is the total mass flux, ¥;” and ¥;*’ are the mass fractions of species i on the liquid and
gas sides of the surface, respectively, (YV),*’is the diffusion flux of the ith species on the gas
side of the surface, and (o, v, )*’ is the product of the mass density of atomic oxygen and the

average molecular speed of atomic oxygen evaluated at the surface.

The boundary condition on the energy flux at the gas/liquid boundary is modified by the

heterogeneous reaction as follows:

dT *0 . i c- e . 1 — \+ Vi
A( Zix_) = m(hgj(:rs) -hg PN, )+( == PP oY0) 0) ARGH(T)

+

1 -+
4WOP hrxn(povo) OAHhm,(T s) @




where the specific enthapy of vaporization at T is
ARGE(T) = hE¥(T) - ho(T) ®)
and the molar reaction enthalpy at T, for the heterogeneous reaction (Reaction IV) is given by
AH, (T) = 2HE™(T) - HyXT) - HE™(T) . ©

In addition to the heterogeneous reaction at the gas/liquid interface, the model considers
evaporation of the energetic material. If there were no reactions, liquid ozone would exist at the
surface in equilibrium with its vapor, and the gross evaporation flux would just equal the gross
condensing flux. Gas-phase reactions serve to deplete the concentration of vapor molecules and
therefore diminish the condensing flux. The evaporating flux is undiminished so that under these
conditions a net evaporation flux leads to a regressing surface. One can infer the magnitude of
the gross evaporation flux by using the equilibrium value of the condensing flux, which can be
calculated from the equilibrium vapor pressure at the surface temperature and the kinetic theory
result that the molecular flux crossing a plane in one direction is simply one fourth the product
of the number density and the average molecular speed. Under reactive conditions one can use
the computed gas-phase density of ozone at the surface to determine the condensing flux. Thus

the expression for the net evaporating mass flux of O; is

/4

o _ .
ZW;P rePoV0) " @

7z
% 4RT,

1
2{yv-0 e 40
(Xo3 Po,~Xo, ptotal)+

oWy [ 8RT,
‘rtWO3

where « is the sticking coefficient of the condensing molecules, W,,; is the molecular weight of
ozone, T, is the surface temperature, py;° the equilibrium vapor pressure at 7, , X is the mole
fraction of O, on the liquid side of the surface, X*° is the computed mole fraction of gas-phase

ozone at the surface, and p,,,, is the total pressure. The sticking coefficient is expected to be unity
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for thermalized vapors, and this value is used exclusively in the calculations reported here. The

equilibrium vapor-pressure expression of Jenkins and Birdsall' is used in all calculations.

If there are liquid components other than O, ( i.e., for X? < 1), then the total mass flux

can be determined by the following artifice used by Ben-Reuven, et al.?

i = m(l - Yo‘f)+ g, @®)
i
. 0;
(— )]
YO

3

where Y? is the mass fraction on the liquid side of the surface. These relations assume that the
components other than O, escape the surface according to the same dynamics as O, (i.e., these

other components are simply entrained by the O;) .

The solutions for each phase are coupled through these boundary conditions, and an
iterative approach is used here, solving the equations in each phase for a trial set of boundary
conditions that are then adjusted and new solutions obtained in each domain until convergence is
judged to have been achieved. The mass flux 1, surface temperature 7, , and the liquid-layer
thickness X, are the eigenvalues of the problem, and values are sought that satisfy the heat flux
boundary conditions at the solid/liquid and liquid/gas interfaces and the evaporation mechanism
constraint. In the gas phase the solution is obtained using the PREMIX code®'. Though for the
ozone case we consider no chemical reactions in the liquid phase, in anticipation of applying the
code to other energetic materials, we have created a special version of PREMIX to treat the liquid
phase. Therefore, our code is capable of treating an arbitrary number of gas and‘ liquid reactions.
Although the same strategy could be followed for the solid phase, at present, there is no capability
for reactions there; however, a numerical integration over the solid phase is utilized permitting
temperature-dependent properties there. The calculations reported here include the effects of
thermal diffusion, though the burning rate changes by only a few percent if it is not considered.

Also, the multicomponent transport properties were evaluated and used in the gas phase.
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Numerical accuracy of the burning rate and heat feedback was examined using up to 15,000 grid
points in the gas phase. Results presented here used about 4,500 grid points in the gas phase and

should ensure accuracy of a few tenths of a percent in the computed burning rates and heat

feedback.

4. BURNING RATES AND THERMAL STRUCTURE

The computed burning rate for frozen ozone at an initial temperature of 40 K as a function
of pressure is given in Fig. 1 and Tables 1 and 2. The first thing to notice is the relatively high
value of the burning rate, about 2 cm/s at 10 atm. At that pressure and an initial temperature of
300 K, RDX burns an order of magnitude more slowly! The pressure dependence is also well
approximated by the power-law dependence characteristic of many energetic materials; the
pressure exponent is slightly less than 1, similar to RDX.

Fig. 2 shows the temperature and species profiles in each phase at 1 atm. On the scale of
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Figure 1. Computed temperature and species Figure 2. Computed burning rates and

profiles in three phases for deflagrating frozen liquid-layer thickness vs. pressure for frozen
ozone at 1 atm and an initial temperature of ozone at 40 K assuming maximum and
40 K. minimum effects of gas/surface reaction.




this figure the results with maximum and zero heterogeneous reaction are indistinguishable, and

the major difference in results between the two assumptions is in the O-atom concentration at the

surface, being about 30 times smaller for the maximized effect of Reaction IV. Tables 1 and 2

summarize the numerical results.

at 40 K Initial Temperature. T, is the boiling point temperature.

TABLE 1. Summary of Results for 100% Solid Ozone without Gas/Surface Reaction

p T T, Xiiq AMdT/dx)*° Ty,
(atm) (cm/s) X) (microns) (cal/cm’-s) X)
1 ’ 0.2497 157.9 24.32 59.77 161.3
2 0.4985 168.4 13.22 120.8 172.3
5 1.242 184.8 5.89 307.0 189.6
10 2.470 199.6 3.20 621.7 205.5
20 4.906 217.4 1.73 1262. 224.7

Gas/Surface Reaction at 40 K. @, is the last term in Eqn. (8).

TABLE 2. Summary of Results for 100% Solid Ozone with Unit Probability for

p r Ts Xiiq A(dT/dx)*° ®, .
(atm) (cm/s) (K) (microns) (cal/cm’-s) (cal/cm?®-s)

1 0.2526 158.1 24.07 51.39 8.73

2 0.5052 168.5 13.06 104.2 17.6

5 1.257 184.9 5.83 264.8 44 .4

10 2.505 199.8 3.16 538.5 89.2

20 4.953 217.6 1.72 1090. 179.
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We were able to find only one experimental value of the burning rate of condensed-phase
ozone. Streng” measured a value of 0.4 cm/s for a liquid mixture of 90% ozone with 10%
molecular oxygen at an initial temperature of 90 K. Our calculations predict 0.27 cm/s at these
conditions. While the computed value is in rough agreement with the experimental value, we
believe that the quality of our input data warrants closer agreement. Of course, the experimental
value may be inaccurate; the liquid was contained in'a 9 mm Pyrex tube cooled outside by liquid
oxygen and therefore the flame could have led to preheating of the liquid by conduction along the
tube walls. However, our calculations show that an initial temperature of even 160 K is not
enough to boost the rate to 0.4 cm/s. There is also the possibility of hydrodynamic instabilities
in the liquid surface; this also would give a falsely high value to the measured rate. No visual
observations of this sort were noted by the authors, who generally reported their experiments with
considerable care. On the other hand, the boiling point of O, is very much less than that of O,
(90 K compared to 161 K); therefore, the O, component should lower the boiling point of O; in
the mixture and decrease its heat of vaporization. We may be seeing a case here where the heat
of vaporization is significantly affected by the presence of as little as 10% other molecules. This

issue may have direct relevance to the RDX case. (See discussion in Section 6.)

5. MECHANISM ANALYSIS

Fig. 1 shows that the maximum effect of the gas/surface reaction is slight, enhancing the
rate by about 1% at 1 atm and 20 atm. Calculations have not been carried out at pressures greater
than 20 atm because the model would have to be modified to account for the approach to the
thermodynamic critical point at about 55 atm. There are two mechanisms by which the
heterogeneous reaction might bolster the rate. Its heat of reaction is deposited directly at the
surface, whereas the heat from gas-phase reactions must be conducted upstream; therefore, the
heterogeneous reaction is more efficient in having its heat affect the burning rate. The other

mechanism is the destruction of liquid-phase ozone by oxygen atoms, a process which contributes
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directly to the regression rate.

Analysis of the calculations show that most of the

heterogeneous-reaction contribution to the burn rate is by this latter mechanism. To understand

how the heterogeneous reaction affects the gas-phase reaction mechanism, it will be helpful to

examine the role of the various reactions in different parts of the flame.

Fig. 3 shows how the net rate of production of each species is spatially distributed through

the flame. Four spatial zones are identified in the figure. In Zone A, adjacent to the surface, O,

is being produced at the expense of O, and O. The region of most intense reaction activity is

divided into two zones, B and C. In Zone B O; is now being destroyed, O, is now being

produced, and O is being destroyed more vigorously than at the surface. In Zone C, O, continues

to be destroyed and O, continues to be
formed, but now O is being produced.
Zone C is the site of most of the O,
destruction. Finally, by Zone D, O,
has been consumed and, though the
scale of this figure does not show it, O,
is being produced slowly and O is being

destroyed slowly.

The mechanism is more
completely revealed by examining the
contribution to each species production
rate by each reaction. An examination
of these rates shows that immediately
adjacent to the surface in Zone A,
Reaction I is dominating and it is
running in reverse! This is enabled by

the diffusion of O atoms upstream from

5 T :,.\.
T 4 [ : -
i o roy
o R :
g 3r : oy T
© ZONE A: ZONE B/' ‘ZONE C: ZONE D
E2f Rs © pony | Rdaxr: Renmme -
o Ib & IIIf : ’ : B :
SR o\
5, NN
.g -1 / . N B
o,
8 2F .
O
[ )]
2 3 P=1atm Top=40K .
» Gas/Surface Reactlon Probability = 0

_4 - I [

0.1 1 10 100 1000

Distance from Surface (microns)

Figure 3. Net species production rates in the gas
phase of deflagrating frozen ozone at 1 atm and 40 K
without heterogeneous reaction.

12




where they are produced in Zone C. Note that this Zone-A reaction is exothermic. Reaction III,
in the forward direction, also contributes here. In Zone B Reaction II dominates, in the forward
direction, producing O, at the expense of O, and O. Zone C is dominated by Reaction II and
Reaction I, this time in the forward direction, producing O, and O at the expense of O,. Finally,

the recombination Reaction III dominates in the post-flame region, Zone D.

An unexpected outcome of this mechanism analysis is that the first chemical step
(spatially) in the steady deflagration of frozen ozone is the production of ozone! This unusual
result had never been noted previously in studies of ozone gas flames'®, so we did an unbounded
flame calculation for gas-phase ozone at 161 K. A small but distinct peak in the total heat-release
profile due to Reaction I running in reverse

could be seen in the leading edge of the

10% rrrrm— e 2500
flame consistent with the three-phase NASA-Lowis Equibrium Temperature = 2514 K
"]
. . 5 102 E ]
calculations. When the free flame was given S <7\ 72000
[+ V4
O P pys —
an initial temperature of 300 K (where T EN X
g E ‘~\__//i \ P=1atm T,=40K || 1500 o
o . . . \ N -
previous studies had been conducted), this 3 4o L \J/ \ X oty g 2
E £ ‘-' =~— No Gas/Surface Reaction : ;
stage disappeared completely. s ‘ {1000 &
.:; w00/ T “ ] 2
5 . N\ ]
E / \‘\ - 500
Returning to the three-phase case, the ;3 107 // N\ ]
L~ \\ 1
effect of the reactions on the heat release 109 ol st it vt e ]
107 10° 10! 102 10° 104 108 10®
profiles at 1 atm is shown in Fig. 4. It can Distance from Surface (microns)

be seen that the "simple" but real ozone
Figure 4. Gas-phase heat release and

temperature profiles showing effect of

stages of heat release. The stage closest to heterogeneous reaction at 1 atm. Both Zones
A and B of Fig. 3 are affected.

chemistry manifests three distinct gas-phase

the surface results from the recombination of

O and O, to form O,, Reaction I running in reverse and the forward direction of Reaction III.
This first stage coincides with Zone A. The next stage comprises Zones B and C. As can be seen
in the figures, only Zones A and B are affected by the heterogeneous reaction which robs both

zones of its O reactant. The final heat release stage is Zone D where O atoms slowly recombine
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to form the final product O,.

The reason the heterogeneous reaction has such a slight effect on the burning rate can now
be understood. First, note that the heat feedback to the surface can be expressed in terms of the
volumetric heat release from the gas-phase reactions, g(x), by the following simple expression

(valid for constant ¢, and 1)

me

dr\ ™ 7 i
M= =[qgx)e * dr. 10

( dx) [ q() (10)

This expression shows that the heat released within a distance of about A/ric, is returned to the
surface with good efficiency. At 1 atm this characteristic distance is of the order of 10 microns.
By Fig. 4 one can see that the heterogeneous reaction decreases the gas-phase heat release within
this distance. Thus heat gained at the surface from the heterogeneous reaction would have come

back to the surface conductively from the gas phase anyway. The net effect is therefore almost

neutral.

6. FUTURE WORK

A number of questions remain on the ozone problem that have an important bearing on the
modeling of other energetic materials. As alluded to in the Introduction, there is an inconsistency
in all of the existing models (including the one in this paper) in the fact that the vapor-phase
energetic material (ozone, RDX, HMX, etc.) is assumed to have unit sticking coefficient whereas
the other gas-phase species are assumed to have a zero value. Relaxing this unphysical
assumption (i.e., the zero values) will require consideration of molécular diffusion in the liquid
layer. While it is true that diffusion in the liquid phase is generally much slower than in the gas
phase, the importance of the process depends on the magnitude of the concentration gradients and

these are expected to be very large close to the surface.
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Secondly, the evaporation process has been highly idealized in existing models (again
including the present one). Both the heat of vaporization and the rate of escape from the liquid
surface has been assumed not to depend on the presence of other liquid-phase molecules. These
other liquid-phase molecules could be either decomposition products of liquid-phase reactions or
gases adsorbed due to a nonzero sticking coefficient. What is needed to explore these effects is
a broadly applicable theory for predicting heats of desorption from multicomponent liquids and
a kinetic theory of evaporation from multicomponent liquids. The current artifice of using the
measured vapor pressure to estimate the gross rate of evaporation should be valid for a pure
substance, but of little value for a multicomponent liquid, where both the heat of desorption and

the rate of escape from the surface will be affected by the presence of other molecules.

Thirdly, extending model validity to pressures through the thermodynamic critical point
may have considerable importance to the combustion of liquid energetic materials. This extension
is related to the ability to predict heats of desorption from multicomponent liquids, as such a
theory must account for the heat of desorption (or vaporization for a pure substance) going to zero
at the critical point. Although beyond the scope of this paper, these areas are now being

addressed and progress will be described in a future report.

We hope that through this report and the outline given of future work, that a compelling
case has been made for the value of modeling prototypical systems. While frozen or liquid ozone
is the obvious choice from the standpoint of theoretical convenience, from an experimental
viewpoint it is an extremely hazardous and inconvenient material to work with due to its
detonation sensitivity and low melting/boiling points. Hydrazine (N,H,), with melting and boiling
points near those of water, may be a natural compromise for a combined experimental and

theoretical effort. We plan to explore further the feasibility of studying that system.

15




INTENTIONALLY LEFT BLANK

16




10.

11.

12.

13.

14.

15.

16.

7. REFERENCES
Ben-Reuven, M., and L. H. Caveny. AIAA Journal. Vol. 19, p. 1276, 1981.

Ben-Reuven, M., L. H. Caveny, R. Vichnevetsky, and M. Summerfield. Proceedings of the

16th Symposium (International) on Combustion. The Combustion Institute, Pittsburgh, PA,
p- 1223, 1976.

Ben-Reuven, M., and L. H. Caveny. MAE Report 1455, Princeton University, Princeton, NJ,
January 1980.

Mitani, T., and F. A. Williams. Twenty-First Symposium (International) on Combustion. The
Combustion Institute, Pittsburg, PA, p. 1965, 1986.

Li, S. C., F. A. Williams, and S. B. Margolis. Combustion and Flame. Vol. 80, p. 329, 1990.

Melius, C. F. Chemistry and Physics of Energetic Materials. Edited by S. N. Bulusu, The
Netherlands: Kluwer Academic, p. 51, 1990.

Liau, Y. C.,and V. Yang. Journal of Propulsion and Power. Vol. 11, p. 729, 1995.

Yetter, R. A, F. L. Dryer, M. T. Allen, and J. L. Gatto. Journal of Propulsion and Power.
Vol. 11, p. 683, 1995.

Streng, A. G. Journal of Chemical and Engineering Data. Vol. 6, p.431, 1961.

Thorp, C. E. Bibliography of Ozone Technology. Vol. 2, Physical and Pharmacological
Properties. Chicago: John S. Swift Co., Inc., p. 30, 1955.

Jenkins, A. C., and C. M. Birdsall. Journal of Chemical Physics. Vol. 20, p. 1158, 1952.

Brabets, R. 1., and T. E. Waterman. Journal of Chemical Physics. Vol. 28, p. 1212, 1958.

Waterman, T. E., D. P. Kirsh, and R. I. Brabets. Journal of Chemical thsics. Vol. 29,
p- 905, 1958.

Hanson, D., and K. Mauersberger. Journal of Chemical Physics. Vol. 85, p. 4669, 1986.

Reid, R. C., J. M. Prausnitz, and T. K. Sherwood. The Properties of Gases and Liquids.
New York: McGraw-Hill, p. 629, 1977.

Miller, M. S. Proceedings of the 32nd JANNAF Combustion Meeting. Huntsville, AL,
October 1995.

17




17.

18.

19.

20.

21.

22.

Johnston, H. S. Report NSRDS-NBS 20, National Bureau of Standards, September 1968.

Heimerl, J. M., and T. P. Coffee. Combustion and Flame. Vol. 39, p. 301, 1980.

Heimerl, J. M., and T. P. Coffee. Combustion and Flame. Vol. 35, p. 117, 1979.

Popovich, M. O., G. V. Egorova, and Yu. V. Filippov. Russ. J. Phys. Chem. Vol. 59,
p- 273, 1985.

Kee, R. J., J. F. Grear, M. D. Smooke, and J. A. Miller. Report SAND85-8240, Sandia
National L.Aboratories, March 1991.

Streng, A. G. Explosivstoffe. Vol. 10, p. 218, 1960.




NO. OF
COPIES

ORGANIZATION

DEFENSE TECHNICAL INFO CTR
ATTN DTIC DDA

8725 JOHN J KINGMAN RD

STE 0944

FT BELVOIR VA 22060-6218

HQDA

~ DAMO FDQ

ATTN DENNIS SCHMIDT
400 ARMY PENTAGON
WASHINGTON DC 20310-0460

US MILITARY ACADEMY

MATH SCI CTR OF EXCELLENCE
DEPT OF MATHEMATICAL SCI
ATTN MDN A MAJ DON ENGEN
THAYER HALL

WEST POINT NY 10996-1786

DIRECTOR

US ARMY RESEARCHLAB
ATTN AMSRL CS AL TP
2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCHLAB
ATTN AMSRL CS AL TA
2800 POWDER MILL RD
ADELPHI MD 20783-1145

DIRECTOR

US ARMY RESEARCHLAB
ATTN AMSRL CILL

2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GROUND

DIR USARL
ATTN AMSRL CI LP (305)

19




NO. OF

COPIES ORGANIZATION

4

NATIONAL BUREAU OF STANDARDS
US DEPARTMENT OF COMMERCE
ATTN JHASTIE

MIJACOX

T KASHIWAGI

H SEMERJIAN
WASHINGTON DC 20234

OSD/SDIO/IST

ATTN L CAVENY
PENTAGON

WASHINGTON DC 20301-7100

HQDA SARD TT

DR F MILTON

MR J APPEL
WASHDC 20310-0103

HQDA OASA RDA

ATTN DR CHCHURCH
PENTAGON ROOM 3E486
WASHDC 20310-0103

CDR ARO

ATIN R GHIRARDELLI

D MANN

R SINGLETON

R SHAW

AMXRO RT IP LIBRARY SERVICES
PO BOX 12211

RSCH TRIANGLE PARK NC 27709-2211

CDR ARDEC

ATTN SMCAR AEE B D S DOWNS
SMCAR AEE BR L HARRIS
SMCAR AEE J ALANNON

PICATINNY ARSENAL NJ 07806-5000

DIRECTOR

US ARMY BENET LABORATORY
ATTN SMCAR CCB B SAM SOPOK
WATERVALIET NY 12189

CDR MICOM

ATIN AMSMIRD PRE AR MAYKUT
AMSMIRD PR PR BETTS

REDSTONE ARSENAL AL 35898-5000

OFFICE OF NAVAL RESEARCH
DEPARTMENT OF THE NAVY
ATTN RS MILLER CODE 432
800 N QUINCY STREET
ARLINGTON, VA 22217

20

NO. OF
COPIES

ORGANIZATION

CDR NAVAL AIR SYSTEMS CMD
ATTN JRAMNARACE AIR-54111C
WASHINGTON DC 20360

CDR NAVAL SURFACE WARFARE CTR
ATTN R BERNECKER R-13

G B WILMOT R-16
SILVER SPRING MD 20903-5000

CDR NAVAL RESEARCH LABORATORY
ATTN MCLIN

JMCDONALD

E ORAN

JSHNUR

R IDOYLE CODE 6110

"WASHINGTON DC 20375

CDR NAVAL WEAPONS CTR

ATTN T BOGGS CODE 388
T PARR CODE 3895

CHINA LAKE CA 93555-6001

SUPERINTENDENT

NAVAL POSTGRADUATE SCHOOL
DEPT OF AERONAUTICS

ATIN D W NETZER

MONTEREY CA 93940

AL/LSCF
ATTN RCORLEY

R GEISLER

JLEVINE
EDWARDS AFB CA 93523-5000

AFOSR

ATTN JM TISHKOFF
BOLLING AFB
WASHINGTON DC 20332

CMDT USAFAS
ATIN ATSF TSMCN
FORT SILL OK 73503-5600

UNIV OF DAYTON RSCH INSTITUTE
ATTN D CAMPBELL

AL/PAP

EDWARDS AFB CA 93523

NASA

LANGLEY RESEARCH CENTER
LANGLEY STATION

ATTN GB NORTHAM MS 168
HAMPTON VA 23365




NO. OF
COPIES

ORGANIZATION

DIR LANL

ATTN B NICHOLS T7 MS-B284
PO BOX 1663

LOS ALAMOS NM 87545

DIR LLNL

ATTN CWESTBROOK
W TAO MS L282

PO BOX 808

LIVERMORE CA 94550

DIR SNL
DIVISION 8354
ATTN SJOHNSTON
P MATTERN
D STEPHENSON
LIVERMORE CA 94550

BRIGHAM YOUNG UNIV

DEPT OF CHEMICAL ENGINEERING
ATTN MW BECKSTEAD

PROVO UT 84058

CA INSTITUTE OF TECHNOLOGY
JET PROPULSION LABORATORY
ATTN L STRAND MS 125-224
4800 OAK GROVE DRIVE
PASADENA CA 91109

CA INSTITUTE OF TECHNOLOGY
ATTN FE CCULICK MC 301-46
204 KARMAN LAB

PASADENA CA 91125

CORNELL UNIV
DEPARTMENT OF CHEMISTRY
ATTN TACOOL

BAKER LABORATORY
ITHACA NY 14853

GA INST OF TECHNOLOGY
SCHOOL OF AEROSPACE ENGINEERING
ATTN EPRICE
W CSTRAHLE
B TZINN
ATLANTA GA 30332

THE JOHNS HOPKINS UNIV

CHEMICAL PROPULSION INFO AGENCY
ATTN T W CHRISTIAN

10630 LITTLE PATUXENT PKWY STE 202
COLUMBIA MD 21044-3200

NO. OF

COPIES ORGANIZATION

4

PENNSYLVANIA STATE UNIV
DEPT OF MECHANICAL ENGINEERING
ATIN KKUO
MMICCI
S THYNELL
VYANG
UNIVERSITY PARK PA 16802

PRINCETON UNIVERSITY

FORRESTAL CAMPUS LIBRARY

ATIN KBREZINSKY
IGLASSMAN

POBOX 710

PRINCETON NIJ 08540

PURDUE UNIVERSITY

SCHOOL OF AERONAUTICS & ASTRONAUTICS .

ATTN JR OSBORN
GRISSOM HALL
WEST LAFAYETTE IN 47906

PURDUE UNIVERSITY

DEPT OF CHEMISTRY

ATIN EGRANT

WEST LAFAYETTE, IN 47906

PURDUE UNIVERSITY
SCHOOL OF MECH ENGINEERING
ATTIN N MLAURENDEAU
SN B MURTHY
TSPC CHAFFEE HALL
WEST LAFAYETTE IN 47906

RENSSELAER POLYTECHNIC INST
DEPT OF CHEMICAL ENGINEERING
ATTN ATFONTIN

TROY NY 12181

STANFORD UNIVERSITY
DEPT OF MECH ENGINEERING
ATTN R HANSON
STANFORD CA 94305

UNIV OF CALIFORNIA

LOS ALAMOS SCIENTIFICLAB
PO BOX 1663 MS B216

LOS ALAMOS NM 87545

UNIV OF CA-BERKELEY
CHEMISTRY DEPARMENT
ATTN CBRADLEY MOORE
211 LEWIS HALL

BERKELEY CA 94720




ORGANIZATION

UNIV OF CA SAN DIEGO
ATTIN FAWILLIAMS
AMES B010

LA JOLLA CA 92093

UNIV OF CA SANTA BARBARA
QUANTUM INSTITUTE
ATTN K SCHOFIELD
M STEINBERG
SANTA BARBARA CA 93106

UNIV OF CO AT BOULDER
ENGINEERING CENTER
ATIN JDALLY

CAMPUS BOX 427
BOULDER CO 80309-0427

UNIV OF DELAWARE
ATTN TBRILL
CHEMISTRY DEPARTMENT
NEWARK DE 19711

UNIV OF FLORIDA

DEPT OF CHEMISTRY
ATTN J WINEFORDNER
GAINESVILLE FL 32611

UNIV OF ILLINOIS

DEPT OF MECH ENG
ATTN HKRIER

144MEB 1206 W GREEN ST
URBANA IL 61801

UNIV OF MICHIGAN

GAS DYNAMICS LAB

AEROSPACE ENGINEERING BLDG
ATTN GMPFAETH

ANN ARBOR MI 48109-2140

UNIV OF MINNESOTA

DEPT OF MECH ENGINEERING
ATTIN EFLETCHER
MINNEAPOLIS MN 55455

UNIV OF SOUTHERN CA
DEPT OF CHEMISTRY
ATTN R BEAUDET

S BENSON

C WITTIG
LOS ANGELES CA 90007

22

NO. OF
COPIES

ORGANIZATION

UNIVERSITY OF TEXAS
DEPT OF CHEMISTRY
ATTN W GARDINER
AUSTIN TX 78712

VA POLYTECHNIC INST & STATE UNIV
ATTN JA SCHETZ
BLACKSBURG VA 24061

ALLIANT TECHSYSTEMS INC
MARINE SYSTEMS GROUP
ATTN RBECKER
JBODE
D E BRODEN MS MN50-2000
R BURETTA
C CANDLAND
L OSGOOD
M SWENSON
R E TOMPKINS MN 11-2720
600 2ND STREET NE
HOPKINS MN 55343

APPLIED COMBUSTION TECH INC
ATTIN AMVARNEY

PO BOX 607885

ORLANDO FL 32860

APPLIED MECHANICS REVIEWS
THE AMERICAN SOCIETY OF MECH ENGINEERS
ATIN RE WHITE
A B WENZEL
345 E 47TH STREET
NEW YORK NY 10017

BATTELLE

TWSTIAC HUGGINS

505 KING AVENUE
COLUMBUS OH 43201-2693

COHEN PROFESSIONAL SERVICES
ATTN NS COHEN

141 CHANNING STREET
REDLANDS CA 92373

EXXON RESEARCH & ENG CO
ATTN ADEAN

ROUTE 22E

ANNANDALE NJ 08801

FREEDMAN ASSOCIATES
ATTN EFREEDMAN

2411 DIANA ROAD
BALTIMORE MD 21209-1525




NO. OF
COPIES

ORGANIZATION

GE ORDNANCE SYSTEMS
ATTN JMANDZY

100 PLASTICS AVENUE
PITTSFIELD MA 01203

GENERAL APPLIED SCIENCE LABS INC
77 RAYNOR AVENUE
RONKONKAMA NY 11779-6649

GENERAL MOTORS RSCH LABS
PHYSICAL CHEMISTRY DEPARTMENT
ATIN T SLOANE

WARREN MI 48090-9055

HERCULES INC
ALLEGHENY BALLISTICS LAB
ATTN WB WALKUP
E AYOUNT
PO BOX 210
ROCKET CENTER WV 26726

HERCULES INC

ATTN RV CARTWRIGHT
100 HOWARD BLVD
KENVIL NJ 07847

HUGHES AIRCRAFT COMPANY
ATTN TE WARD

8433 FALLBROOK AVENUE
CANOGA PARK CA 91303

IBM CORPORATION
RESEARCH DIVISION
ATIN ACTAM
5600 COTTLE ROAD
SAN JOSE CA 95193

IIT RESEARCH INSTITUTE
ATTN RFREMALY

10 WEST 35TH STREET
CHICAGO IL 60616

LOCKHEED MISSILES & SPACE CO
DEPT 52-35 B204 2

ATTN GEORGELO

3251 HANOVER STREET

PALO ALTO CA 94304

OLIN ORDNANCE

ATTN V MCDONALD LIBRARY
PO BOX 222

ST MARKS FL 32355-0222

23

NO. OF

COPIES ORGANIZATION

1

' PAUL GOUGH ASSOCIATES INC

ATIN P S GOUGH
1048 SOUTH STREET
PORTSMOUTH NH 03801-5423

PRINCETON COMB RSCH LABS INC
ATIN N A MESSINA

M SUMMERFIELD
PRINCETON CORPORATE PLAZA
BLDG IV SUITE 119
11 DEERPARK DRIVE
MONMOUTH JUNCTION NJ 08852

ROCKWELL INTERNATIONAL CORP
ROCKETDYNE DIVISION

ATTN JEFLANAGAN HB02

6633 CANOGA AVENUE

CANOGA PARK CA 91304

SCIENCE APPLICATIONS INC
ATTN R BEDELMAN

23146 CUMORAH CREST
WOODLAND HILLS CA 91364

SRI INTERNATIONAL
ATIN G SMITH
D CROSLEY
D GOLDEN
333 RAVENSWOOD AVENUE
MENLO PARK CA 94025

STEVENS INSTITUTE OF TECH
DAVIDSON LABORATORY
ATTN RMCALEVY I
HOBOKEN NJ 07030

SVERDRUP TECHNOLOGY INC

LERC GROUP

ATIN RIJLOCKE MS SVR-2
JDEUR

2001 AEROSPACE PARKWAY

BROOK PARK OH 44142

TEXTRON DEFENSE SYSTEMS
ATTN APATRICK

2385 REVERE BEACH PARKWAY
EVERETT MA 02149-5900




NO. OF

COPIES ORGANIZATION

3

THIOKOL CORPORATION

ELKTON DIVISION

ATTN RBIDDLE
RWILLER
TECHLIB

PO BOX 241

ELKTON MD 21921

THIOKOL CORPORATION
WASATCH DIVISION
ATTN SIJBENNETT
POBOX 524

BRIGHAM CITY UT 84302

UNITED TECHNOLOGIES CORP
CHEMICAL SYSTEMS DIVISION

ATTN RRMILLER
PO BOX 49028
SAN JOSE CA 95161-9028

UNITED TECHNOLOGIES RSCH CTR

ATTIN A CECKBRETH
EAST HARTFORD CT 06108

UNIVERSAL PROPULSION COMPANY

ATTN HJMCSPADDEN

25401 NORTH CENTRAL AVENUE

PHOENIX AZ 85027-7837

VERITAY TECHNOLOGY INC
ATTN E BFISHER

4845 MILLERSPORT HIGHWAY
PO BOX 305

EAST AMHERST NY 14051-0305

24

NO. OF

COPIES ORGANIZATION

41

ABERDEEN PROVING GROUND

DIR USARL
ATTN AMSRL WMP

GF ADAMS

W R ANDERSON
R ABEYER

K P MC-NEILL BOONSTOPPEL
S WBUNTE

CF CHABALLOWSKI
A COHEN

R CUMPTON

R DANIEL

D DEVYNCK

R AFIFER

B EFORCH

JM HEIMERL

B E HOMAN

A WHORST

A JUHASZ
AJKOTLAR
RKRANZE
ELANCASTER

W FMCBRATNEY
KL MCNESBY
MMCQUAID

N E MEAGHER

M S MILLER

A W MIZIOLEK

J B MORRIS

JE NEWBERRY

S VPAI

R A PESCE-RODRIGUEZ
JRASIMAS

P REEVES

B MRICE

P SAEGAR

R CSAUSA

M A SCHROEDER
R SCHWEITZER

L D SEGER

J A VANDERHOFF
D VENIZELOS

A WHREN

HL WILLIAMS




Form Approved
OMB No. 0704-0188

REPORT DOCUMENTATION PAGE

ing D mm wr-pom g lnstructio
mmmmmwmmmm md gardh lm-buvdm or any other aspect of this
suggestions for Ing this burden, bVl‘dllng‘lonMummDI for P and R 1218
Davis Sulte 1204, Arfington, VA _22202-430: m«ommofuan ement and Raduction Pro| 704-0188), Washin DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
March 1997 Final, 1 Jun 94 - 1 Dec 95

—— s ——

4, TITLE AND SUBTITLE ' 5. FUNDING NUMBERS
Three-Phase Combustion Modeling: Frozen Ozone, a Prototype System PR: 1L161102AH43

6. AUTHOR(S)

Martin S. Miller
e

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER

U.S. Army Research Laboratory
ATTN: AMSRL-WM-PC ARL-TR-1320
Aberdeen Proving Ground, MD 21005-5066

e ——————————————————— e ———
9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES
This report was an invited paper at the Materials Research Society Fall Meeting, 27-29 Nov 95, Boston, MA, and was
published as a part of the proceedings of that meeting.

s —————————————————————
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13, ABSTRACT {Maximum 200 words)

A number of efforts are currently underway in the United States to model the self-sustained combustion of solid
energetic materials at the level of fundamental physical processes and elementary chemical reactions. Since many of
these materials burn, at least at some pressures, with a liquid surface layer, these models must address phenomena in
three physical phases. Most of these modeling efforts have focused on pure RDX as a prototype. From a systems
viewpoint, this was a natural choice, since it, or materials like it, is one of the components of modern propellants. It
is argued here that, from a scientific viewpoint, RDX is already too complex with too many uncertain mechanisms
and unavailable supporting data to serve this role effectively. We discuss here a number of issues related to the
condensed phase and interfacial phenomena which have not been previously identified and which warrant more
detailed research. In this report, frozen ozone is adopted as a more suitable prototypical three-phase system, and
progress toward addressing this system is presented. The first new process modeled was a gas/surface reaction. A
detailed analysis was performed on the reaction mechanisms at play in the ozone flame and how they are affected by
the heterogeneous reaction. Other new mechanisms are associated with the multicomponent nature of the liquid
surface layer and will be addressed in future work.

14, SUBJECT TERMS . 5. NUMBER OF PAGES
28
combustion, model, ozone, RDX 16. PRICE CODE
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
NSN 7540-01-280-5500 Standard Form 296 (Rev. 2-89)

25 Prescribed by ANSI Std. 239-18 298-102




INTENTIONALLY LEFT BLANK.

26




USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers to
the items/questions below will aid us in our efforts.

1. ARL Report Number/Author _ ARL-TR-1320 (Miller) Date of Report _March 1997

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report will
be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.)

Organization

CURRENT Name E-mail Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old
or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




DEPARTMENT OF THE ARMY

OFFCIAL BUSINESS

BUSINESS REPLY MAIL

FIRST CLASS PERMIT NO 0001,APG,MD

POSTAGE WILL BE PAID BY ADDRESSEE

DIRECTOR

US ARMY RESEARCH LABORATORY

ATTN AMSRL WM PC

ABERDEEN PROVING GROUND MD 21005-5066

NO POSTAGE
NECESSARY
IF MAILED
INTHE
UNITED STATES




